ABSTRACT In this correspondence, we investigate the performance of a multi-cell multiple-input multiple-output downlink (DL) system aided by base station (BS) cooperation, relay cooperation, and polarization-multiplexing (PM). Triply-polarized antennas that are employed at the BSs, relays, and mobile stations (MSs) to conceive PM serve as an replacement for multiple uni-polarized antennas that inflict space limitation. In a multi-user multi-cell relay-aided scenario, MSs and relays conflict multi-user interference (MUI) as well as inter-cell or co-channel interference (CCI). Furthermore, the MSs experience intra-relay interference and inter-relay interference. In this paper, both the MUI and CCI at the relays are completely removed by the combined preprocessing operated at the BS. Similarly, the intra-relay and inter-relay interference are eliminated with the aid of the joint preprocessing operated at the relays. Specifically, in this contribution, the performance of the considered system is investigated when the channel state information (CSI) required at the BSs to implement the joint preprocessing suffers from feedback and back-haul delays. In our contribution, feedback channels that convey the CSI to the BSs endure noise and fading as well. Our simulation study demonstrates that the use of triply polarized antennas in combination with joint preprocessing at the BSs and relays can be regarded as an efficient technique for the cooperative multi-cell DL system to deal with the space constraints and the aforementioned interferences. Furthermore, the considered preprocessing results in superior symbol-error-rate performance compared with other preprocessing approaches.
I. INTRODUCTION
The recently evolved cellular technology namely the Long-Term Evolution Advanced (LTE-A) developed by the third generation partnership project (3GPP) group promises to meet the throughput and coverage requirements by means of mobile broadband access. However, purveying high throughput to the users at the cell edges has been one of the main challenges confronted by this standard [1] . This is because, pathloss, shadowing, fading and interference are the four major channel impairments that inflict limits on the performance of the system. To be specific, pathloss, shadowing and fading impose limits on the reliability as well as the coverage of a point-to-point wireless communication i.e., pathloss rapidly diminishes the useful signal power whilst shadowing results in link breakage referred to as outage. Further, fading causes signal-to-noise ratios (SNRs) to fluctuate rapidly over time resulting in communication outage every time the users' SNRs drops below the required threshold. As the 3GPP-LTE-A uses universal frequency reuse in order to maximize the area spectral efficiency, inter-cell interference (ICI) or co-channel interference (CCI) is therefore present throughout the network. Interference impedes the reuse of spectral resources [1] , [2] . Consequently, the overall spectral efficiency of the system expressed in terms of the number of bits/sec/Hz/base station gets reduced. Furthermore, cell edge users will endure greater degree of ICI which affects their performance in terms of the achievable error-rate or capacity. Cell edge users' performance, therefore, has become paramount important as the cellular systems tend to use higher carrier frequencies in an infrastructure principally designed for lower carrier frequencies and larger bandwidths with the same amount of transmit power [1] . Interference mitigation has also turned out to be of supreme importance in order to reap the true gains promised by the standards.
Although, technologies like sophisticated error control codes, orthogonal frequency division multiplexing (OFDM) and multiple input multiple output (MIMO) aid in improving the per-link throughput, they do not intrinsically mitigate the effects of pathloss, shadowing and interference [1] . While MIMO can be used to improve the link reliability through transmit/receive diversity, such transmission does not exploit the non-linear pathloss behaviour that usually exists between the pathloss and propagation distance. One solution to mitigate the effects of pathloss is to use fixed relays that assist in relaying the information between the base station (BS) and mobile stations (MSs) [1] , [3] . Further, the relays split a longer communication link into two shorter links. As a result, the overall pathloss gets reduced as the non-linear pathloss behaviour is being exploited, which yields transmission power gains. Many recently developed standards have already envisioned to use relay-aided transmission. In this context, the IEEE 802.16j was one of the first commercial standards to embrace the use of relays within the framework of a cellular network [1] .
In this correspondence, we consider a cooperative multicell MIMO DL communication supported by polarization multiplexing (PM) -aided multiple antenna BSs, fixed relays and MSs in an interference limited environment and study its performance. The total MIMO channel attributes which in turn rely on the transmit and receive antennas properties such as spacing, height and the scattering environment determine the multiplexing gain of a MIMO system to the highest degree [4] - [9] . Usually, few tens of wavelengths and at least a wavelength of antenna spacings are required at the BS and MS, respectively, to obtain considerable multiplexing gain. However, considerable antenna spacings will increase the BSs size and cost. Further, employing more number of antennas (generally in excess of four) at the MS is difficult owing to energy and size constrictions [4] . Alternatively, triplypolarized antennas with orthogonal polarizations that can replace three spatially separated uni-polarized antennas [8] can be used at the BS, relays and at the MS.
In the recent past, such triply-polarized communication that can overcome the space constraint has received upsurge interest, as can be seen in [10] - [17] . In [10] , triply polarized uniform linear array system has been investigated for LTE-A standard with the aid of simulations. By contrast, in [11] , the performance of triply-polarized MIMO systems in real-world channels has been analyzed and the limitations of dual-polarized communication have been highlighted. Further, in [12] , the authors have demonstrated experimentally that a triply-polarized MIMO system can result in significant capacity gain in comparison to its uni-polarized counterpart. Gaurav Gupta et al. [13] have shown that the use of triply polarized antennas can achieve thrice the capacity than that of the uni-polarized antennas. Experimental studies reported in [14] have shown that triply polarized antenna array can increase considerably antenna diversity resulting in improved link performance in an indoor environment. Furthermore, in [15] , it has been shown that triply polarized antenna aided ultra-wideband system can achieve better spectral efficiency. Motivated by the benefits of triply-polarized antennas demonstrated in the abovementioned contributions and also against the background that the study of PM and cooperative communications aided multi-cell MIMO DL system has received little attention in the open literature, in this treatise we consider the performance of such a system.
In a DL communication that exploits triply-polarized antennas, the electromagnetic waves will endure depolarization as the waves traverse through the channel. The loss of polarization orthogonality and the antenna imperfection at the transmitting end or receiving end or both can considerably deteriorate the system's performance [5] , [9] . Furthermore, in a typical multi-cell MIMO DL communication aided by multi-antenna fixed relays, ICI at the relays and inter-relay interference (IRI) at the MSs will be the pressing issues. To mitigate the effects of these interferences, optimal receiver in the maximum likelihood (ML) sense can be employed. However, ML receiver imposes prohibitive complexity in the context of signal detection that prevents its implementation even at the BS, where higher complexity is tolerable. As a design alternative, BS and inter-relay cooperation can be invoked to mitigate the effects of the aforesaid interferences. Though the BS and inter-relay cooperation enhance the cellular capacity by mitigating the effects of the aforementioned interferences under the assumption of perfect channel state information (CSI) knowledge at the BS and relays, the performance suffers significantly from channel imperfections due to feedback errors and feedback and back-haul delays that arise during the feedback and exchange of CSI through the feedback and back-haul links, respectively.
Contribution: In this contribution, we investigate the performance of a cooperative multi-cell MIMO DL communication aided by multi-antenna fixed relays with polarization-multiplexing when the CSI knowledge required to establish the BS cooperation endures feedback errors due to noise and fading as well as feedback and back-haul link delays. The significance of this contribution lies in the fact that the codebook indices that are exploited to construct the CSI matrix required for joint preprocessing endures feedback errors, feedback and back-haul delays and consequently, the joint preprocessing operated at the BS may degrade the performance of the BS cooperation in terms of the achievable symbol-error-rate (SER) and capacity.
The rest of the paper is structured as follows. Section II details the system model that employs triply-polarized antennas along with triply-polarized channel model and the assumptions made in this treatise. Section III presents the achievable rate. In Section IV we provide our simulation results and in Section V we present the complexity analysis. Eventually, we provide the conclusion of our paper in Section VI.
II. SYSTEM MODEL
Let us consider a multi-user multi-cell MIMO DL communication aided by multi-antenna fixed relays as shown in Fig.1 , with K users distributed at random. Here, we assume that each of the K users' MSs is equipped with N k antennas and that each of the BSs employ N b antennas. Further, each relay that supports in forwarding the information it receives from the BS to its corresponding user's MS is assumed to utilize N r antennas. Let m,r , (m = 1, 2, . . . , M ; r = 1, 2, . . . , R) denote large-scale fading coefficients between mth BS and rth relay which includes the effects of the pathloss and shadowing. Furthermore, the channels that connect any of BSs to the relay is called as the BR channels, while the channels connecting the relay with its corresponding MS is referred to as RM channels. If we assume that there are M co-channel cell sites, then the total number of transmit antennas as seen by the kth user will be equal to MN b . Also, it is assumed that each of the K DL users is supported by one fixed multiantenna relay. The direct links between the BSs and the remote MSs are ignored due to severe shadowing and large pathloss effects [3] .
A. CHANNEL MODEL FOR TRIPLY-POLARIZED ANTENNA CONFIGURATION
Let the MIMO channel H that connects the BS's transmit and MS's receive antennas be modelled as a Ricean fading channel. Then, we can decompose H into a fixed (line-of-sight component) and a random matrix (scattered component) as
where κ in (1) denotes the Ricean κ-factor. Further, the random matrixH in (1) comprises of elements that are correlated complex Gaussian random variables with zero mean and unit variance [4] . Note, furthermore, that the channel model given in (1) is based on the assumption that the BS and MS employ unipolarized antennas. Next, let us assume that the BSs, relays and the MSs employ triply-polarized antennas. For the sake of simplicity, let us consider the BR channels. Nevertheless, the approach can be readily generalized to RM channels too. In this context, if a BS and a relay employ single triply-polarized antenna, then with the aid of Fig. 2 , the random matrix of a triply-polarized channel can be modelled asH
In a triply-polarized communication, the signals will be transmitted in orthogonal polarizations. The ability to discriminate the orthogonal polarizations is given by the cross-polarization discrimination (XPD) factor. The XPD is defined with respect to the scattered component of the channel. It describes the quantum of leakage from one polarization to another introduced by the channel. When the electromagnetic waves propagate through the channel, due to reflections, they may endure change in polarization. Investigation results reported in the literature have demonstrated that antennas with good XPD too can undergo change in polarization states due to scattering in the environment [9] . In this context, the XPDs for the fading part of the channel can be given as follows.
Here, we have assumed the leakage to be symmetric as in [9] . For the triply-polarized antenna array we use the following normalizations
The above alluded to normalizations hold great importance because the XPD for the triply-polarized channel can be expressed with the aid of it as
Next, the XPD in the context of fixed component matrix of the triply-polarized channel can be expressed as
with the following normalizations
Now, exploiting (2) and assuming that the fixed component matrix is negligible, the (3 × 3) triply-polarized correlated channel can be modelled as
where
gives the polarization leakage matrix with β = (α 1 + α 2 ) defining the condition for symmetry such that 0 ≤ β ≤ 1.
In (12) denotes Hadamard (element-wise) product. Further, in (12) R 1/2 rx and R 1/2 tx denote, respectively, the receive correlation and transmit correlation matrices which can be expressed as.
where ρ txij represents the complex correlation coefficient between ith and jth transmit antennas and, ρ rxij denotes the complex correlation coefficient between ith and jth receive antennas. Here, N b and N r take the value 3. Now, if the BS and relay are equipped with many spatially separated triplypolarized antennas then the channel model can be given by [8] 
B. BS COOPERATION AND PM AIDED MULTI-CELL TRANSMISSION-SIGNAL REPRESENTATION AT THE BSs
, r = 1, 2, . . . , R, with
. . , N r , denote a 3N r -length symbol vector transmitted to the rth relay corresponding to the kth MS. When BS cooperation is called upon, x r will be preprocessed before transmission. Therefore, in this context, the resultant transmitted vector after preprocessing can be expressed as
whereP r is a (3MN b ×3N r ) component preprocessing matrix and γ r is a (3N r × 3N r ) diagonal matrix that constitutes the power normalization coefficients used to normalize the power after preprocessing so that the transmission power remains unchanged even after preprocessing. Note, furthermore, that, as mentioned earlier, we have assumed that the direct links between the BSs and relays endure severe pathloss and shadowing. Therefore, the direct links are ignored in our derivation. Also, this assumption facilitates the proviso for the implementation of the joint preprocessing operation at the BSs and relays. Suppose, if the considered DL system employs R relays to support the transmission of K DL users' symbols, then after preprocessing the 3MN b -length symbol vector transmitted from all the BSs to the R relays can be given as
component preprocessing matrix that hosts the preprocessing matrices of all the relays,
T denotes the 3RN r -length symbol vector. Now, the received vector y r at the rth relay due to the transmission of (17) can be expressed as
In (18),
component small-scale fading matrix that connects the MN b transmit antennas of all the BSs with the N r receive antennas of the rth relay that corresponds to the kth user. Further, n r is a 3N r -length noise vector that has zero mean and a covariance of E n r n H r = σ 2 I 3N r . Furthermore, the received vector in the context of R relays can be stacked into a single vector y, defined as
Assuming perfect CSI knowledge at all the BS transmitters, singular value decomposition (SVD) on H r results in (20) where U r and V r are the (3N r × 3N r ) and (3MN b × 3MN (3MN b − 3N k ) ] matrix comprising the eigenvectors of the zero eigenvalues of H H r H r . To make certain that for the considered joint preprocessing to perfectly remove the multi-user interference (MUI) and CCI, the essential condition can be stated as follows.
Lemma 1: To ensure that the signal space is not empty and also for the joint preprocessing to completely eliminate the MUI and CCI, the essential condition is that H r has row full-rank, i.e., rank(H r ) = N r , which suggests row-rank full and that MN b ≥ RN r [18] .
Upon substituting (20) into (18),
whereby definition,
In (23), n is a 3RN r -length noise vector that has zero mean and a covariance matrix (22), where (.) + denotes the pseudoinverse of the argument, the received vector can be rewritten as
To be specific, the 3N r -length received vector at the rth relay can be given by
r,s γ r x r + n r , r = 1, 2, . . . , R
From (25), it is conspicuous that the coordinated BS processing perfectly eliminates the MUI and CCI. Despite the fact that the transmission is MUI and CCI free, signals corresponding to the rth relay endures inter antenna interference (IAI) and cross-polarization interference. In order to remove these interferences, post-processing operation is carried out at each of the relays. Within this context, the post-processing matrix chosen to eliminate the IAI and crosspolarization interference can be given as [18] 
Letx r = G r y r . Now, applying the post-processing matrix given in (26) intox r , we havê
From (27), it is worth noting that the post-processing operation perfectly eliminates IAI and cross-polarization interference. Alternatively, joint preprocessing based on the orthogonal subspace approach [19] can also be employed, i.e, by formulating a subspace that is orthogonal to the interfering subspace. To be specific, the preprocessing vector corresponding to rth relay's vertically polarized signals, treating VOLUME 4, 2016 other orthogonally polarized signals along with (R−1) relays' orthogonally polarized signals as interference, is a 3MN blength vector chosen to lie in the subspace that is determined by h rjv , j = 1, 2, . . . , N r that is orthogonal to the (3RN r − 1) subspace determined by h rjv ,j = j,j = 1, 2, . . . , N r , h rih , h riz , i = 1, 2, . . . , N r , h ujv , j = 1, 2, . . . , N r and h uih , h uiz , i = 1, 2, . . . , N r ; u = r; u = 1, 2, . . . , R.
Further, H m,r can be expressed with the aid of the channel vectors that connect orthogonally polarized transmit and receive antennas of the BSs and rth relay, respectively. Therefore, in this context H m,r is hosted as
Now, the rth relay's vertically polarized observation vector can be expressed as 
C. RELAY TRANSMISSION AND RECEIVED SIGNAL AT THE MSs
Based on (27) and (29), it may be stated that the symbols arriving at the rth relay are CCI, MUI, IAI and crosspolarization interference free. Now, focusing on the relay
denote a 3N k -length symbol vector transmitted to the kth user by the rth relay associated with the mth cell site. When relay cooperation is invoked,x k will be preprocessed before transmission. Consequently, the transmitted vector can be expressed asd
whereP k is a (3RN r ×3N k ) component preprocessing matrix andγ k is a (3N k × 3N k ) diagonal matrix that constitutes the power normalization coefficients employed to normalize the power after preprocessing so that a constant transmission power is maintained. If the DL system supports K users then after joint preprocessing the 3RN r -length symbol vector transmitted from all the relays to the K users can be expressed asd =Pγx (33) whereP = [P 1 ,P 2 , . . . ,P K ] represents a (3RN r × 3KN k ) component preprocessing matrix that constitutes the preprocessing matrices of all the users,
The received vector y k at the kth user when the symbol vector in (33) is transmitted can be expressed as
In (34), 
To make certain that the signal space is not empty and also for the joint preprocessing operated across the relays to completely eliminate the intra and inter-relay interferences, the necessary condition is that H k has row fullrank, i.e., rank(H k ) = N k , which suggests row-rank full and that RN r ≥ KN k [18] . Now, based on (34), the received vector in the context of K users can be assembled into a single vector y, defined as
In (35),P can be formulated by adopting the similar procedure addressed in the previous subsection for constructingP.
III. ACHIEVABLE RATE
In the context of a multi-cell multi-user DL communication aided by BS and inter-relay cooperation, the constraint on the transmit power should be implemented on a per-BS and perrelay basis. In other words, if the transmit power of the mth BS is P m and that at the rth relay is P r , then in order to meet the per-BS and per-relay power constraints, the average transmit power is limited by P m and P r at the mth BS and rth relay, respectively. As a result, we have 
respectively, under the constraints of (36). Feedback: In the above exposition, we have assumed perfect CSI assumption in deriving the joint preprocessing and post-processing matrices. However, in practice, CSI would be imperfect due to estimation errors, feedback errors, feedback and back-haul delays. In this contribution, we estimate and vector-quantize [20] the CSI at the relays and feedback the vector-quantized (VQ) codebook indices to the BS transmitters. Further, as the amplitudes obey Rayleigh distribution and phases obey uniform distribution, we have employed two vectors to vector-quantize the amplitudes and phases separately. Furthermore, both the amplitudes and phases were quantized using legitimate codewords which results in high quality quantization. Therefore, quantization error is neglected. Now, let b , = 0, 1, 2, . . . , N − 1 be the bits that represent the integer that corresponds to the index of the VQ codebook, i.e, i ∈ Q U . Here, N denotes number of bits used to represent the VQ codebook indices and Q U represents U VQ centroids. The observation vector at the BS, when b is conveyed via a feedback channel that undergo noise and fading can be given by
where h f denotes the feedback channel gain which is assumed to be Rayleigh distributed. Further, in (38) n f represents the noise that is Gaussian distributed with mean zero and a variance σ 2 . At the BS, when the phase knowledge of a specific channel gain is known, then exploiting this phase, (38) can be rewritten as
From (39), the CSI knowledge is extracted by employing a detector that is optimum in the minimum-mean square-error sense and the required CSI matrix for the joint preprocessing is constructed at the BSs with the aid of it. The above discourse made an idealistic assumption that the feedback delay is zero. More often than not, in practice, the recovered CSI knowledge will be outdated due to feedback delay and the presence of back-haul delay during CSI exchange between the BSs. In this context, the temporal variations of the channel can be modelled using first order Markov process [21] 
where, ι denotes the temporal correlation coefficient, τ represents the delay that includes signal processing, feedback, back-haul and other system related delays. Further, the entries of the innovation term ℘ in (40) are assumed to be independent complex Gaussian distributed random variables having zero mean and unit variance i.e., ℘ j,i ∼ CN(0, 1). For notation convenience, let us drop the time index in (40). Consequently, we have
where H represents true channel matrix whileĤ denotes the outdated channel due to the feedback or back-haul delay. The correlation coefficient ι in (41) can be expressed in terms of the delay τ by exploiting the Jakes' model [21] . Therefore, 
IV. PERFORMANCE RESULTS AND DISCUSSIONS
In this section, we illustrate with the aid of simulation results to typify the attainable SER and maximum average capacity of the multi-user multi-cell MIMO DL system when assisted by both polarization-multiplexing and joint preprocessing. Each cell is assumed to have a radius of 1000 m in order to emulate an urban propagation scenario with an inter-BS distance of 2000 m. Further, the propagation distance between a BS and relays and a relay and its associated MSs within a cell is assumed to be 450 m. We consider interference only for the 3 co-located BSs. However, the presented work can be easily generalized to a scenario with many co-located BSs and relays. For small-scale fading we assume Rayleigh fading with κ = 0 in (1) and for large scale fading we exploit 2 m,r = PL m,r S m,r with an urban pathloss based on PL m,r = ψ 0 d −η m,r . Here, d, ψ 0 and η represent the propagation distance, propagation constant and pathloss exponent, respectively. In our simulation, ψ 0 and η take the value ≈ 1.35 × 10 7 and 3.4 [2] , respectively. S m,r denotes the shadowing and is modelled as a log-normal random variable with standard deviation σ =8 dB. 64-quadrature amplitude modulation is considered as the baseband modulation in our simulation. Further, it is assumed that each of the BSs is equipped with 10 triply-polarized antennas and that each relay and MS employ one triply-polarized antenna. The codebook size we have assumed in our simulations is U = 4096 that corresponds to N = 12bits. Further, we assume ρ tx = ρ rx = 0.4, α 1 = α 2 = 0.2 [7] and K = 4, 6 and 8. Furthermore, we consider the feedback and back-haul delays to be f d τ = 6 × 10 −3 [21] , feedback SNR to be 10 dB and a carrier frequency of 2 GHz in our simulation.
In Fig. 3 , we illustrate the SER versus SNR performance of the considered system when the communication takes place over Rayleigh fading channels. Here, we have assumed perfect availability of CSI for conceiving the joint preprocessing matrix at the BS and relays. From the results of Fig. 3 , it may be noticed that as the number of DL users to be supported by the system increases, the achievable SER performance degrades considerably, even though orthogonal subspace based joint preprocessing is capable of completely eliminating the MUI and CCI at the relays and IRI at the MSs. This is due to the fact that this approach trades the corresponding transmit diversity gain for interference suppression when the number of users increases in the system i.e., in this scheme, interference mitigation comes at the sacrifice of diversity gain. On the other hand, SVD based approach results in better SER performance even under increased load in terms of the number of users supported, as this scheme results in the joint transmission and reception. To be specific, SVD-aided joint preprocessing and post processing approach has >5 dB SNR gain over the orthogonal subspace based approach for an SER of 10 −5 (K = 8). Further, to benchmark the SER performance of the joint preprocessing schemes considered in our work, we have compared their performance with dirty paper coding (DPC), Tomlinson-Harashima precoding (THP), block diagonalization (BD) and geometric mean decomposition (GMD) precodings in the multi-cell context. From the results, it is observed that both the preprocessing schemes outperform the aforementioned precoding techniques. In Figs. 4 and 5, we present the attainable SER and average capacity, respectively, for the considered system when the required CSI knowledge to formulate the joint preprocessing matrix at the BSs transmitters are acquired through ideal feedback channels, feedback channels that experience noise and fading as well as feedback and back-haul delays. From the results in Figs. 4 and 5, it can be seen that when the VQ-CSI knowledge affected by feedback and back-haul delays are utilized to devise the preprocessing matrix, the SER and capacity performance degrades noticeably, whereas, when the VQ-CSI knowledge corrupted by noise and fading is invoked for preprocessing matrix construction, the performance of the considered system improves. Further, it is inferred that the joint preprocessing based on VQ-CSI tainted by noise alone results in better performance than the former case. Furthermore, the joint preprocessing operation based on ideal feedback of VQ-CSI knowledge degrades only marginally and results in the attainable SER and capacity that are close to that attained with the perfect CSI assumption.
V. COMPUTATIONAL COMPLEXITY
In this section, we provide the computational complexity in terms of the number of floating point operations [22] required to conceive the preprocessing matrices using the SVD and subspace approaches considered in our work. Firstly, let us consider the preprocessing approach based on SVD. It involves two steps namely, SVD computation and formulation ofP. Now, letting n = 3MN b , s = 3RN r , t = 3N r , q = 3N k and w = 3KN k , at the BS, the complexity in the context of SVD computation can be shown to be of the order of O{8R(4n 2 t + 8nt 2 + 9t 3 )}. Note, furthermore, that, O{.} means 'proportional to'. Further,P formulation has a complexity of the order of O{( 4 3 n 3 + 7n 2 s − n 2 − 2ns)} at the BSs. Secondly, at the relays, SVD computation andP construction have the complexities of the order of O{8K (4s 2 q + 8sq 2 + 9q 3 )} and O{( 4 3 s 3 + 7s 2 w − s 2 − 2sw)}, respectively. Furthermore, in order to detect the symbols, the relays and MSs need to formulate the post-processing matrix. Accordingly, in order to realize (26) the relays have to compute the inverse of the matrix U r , r = 1, 2, . . . , R, while the MSs have to compute the inverse of the matrix U k , k = 1, 2, . . . , K . Consequently, the computational complexity at the relays and MSs is O{(3N r ) 3 } and O{(3N k ) 3 }, respectively. Now, in the context of triply-polarized communication, the complexity involved in detecting a symbol at the relay and MS corresponding to the kth user can be shown to be O{(3N r ) 3 /(3N r )} = O{(3N r ) 2 } and O{(3N k ) 3 /(3N k )} = O{(3N k ) 2 }, respectively, which are same as that of the conventional linear zero-forcing multi-user detector. Finally, let us consider the subspace based approach. This method which formulates the preprocessing matrix based on (31) needs to invert R matrices of size {(R − 1) × (R − 1)} at the BSs and K matrices of dimension {(K − 1) × (K − 1)} at the relays. Therefore, the complexity involved in formulating the preprocessing matrix at the BSs and relays can be shown to be O{R(R − 1) 3 } = O{R 3 × (R − 1) 3 /R 2 } and O{K (K − 1) 3 } = O{K 3 × (K − 1) 3 /K 2 }, respectively. Remarks: From the complexity analysis, the following remarks can be made. The SVD based preprocessing approach is highly complex and hence, does not offer the implementation advantage. By contrast, subspace based approach is less complex and consequently, has the imple- mentation advantage. However, when the number of users to be supported increases, subspace based approach suppresses the interference at the cost of diversity gain thereby resulting in poor SER performance and SNR gains. On the other hand, SVD based preprocessing results in better SER performance and SNR gains as this approach does not trades the diversity gain which indeed can be witnessed from our results and discussions presented in the foregoing section. Further, in view of the fact that both the BS and fixed relay are capable of supporting high complexity algorithms, SVD based preprocessing has the implementation advantage in the context of SER performance and SNR gain. Therefore, we may conclude that SVD based preprocessing can be considered as an efficient scheme for interference suppression, albeit it does not have the implementation advantage in terms of computational complexity. Furthermore, from the Fig. 6 , it may be inferred that SVD based preprocessing approach presented in our work is less complex than the SVD-BD and QR-BD precoding techniques [23] .
VI. CONCLUSIONS
In this correspondence, we investigated the performance of a cooperative multi-cell DL system aided by polarizationmultiplexing and joint preprocessing at the BS and relays. Our investigations revealed that the joint preprocessing completely eliminates the DL-MUI, CCI, intra and inter-relay interferences under perfect CSI assumption at the BS and relays. However, it is inferred that when the CSI based on infested codebook indices are used for the joint preprocessing operation, performance of the system degrades noticeably. Nevertheless the performance degrades, joint preprocessing based on ideal exchange of CSI between the BSs and ideal feedback of CSI from the relays to BSs in conjunction with the perfect CSI at the relays exhibits the SER and capacity performances to remain close to the perfect CSI case. Therefore, we can conclude that BS and inter-relay cooperation schemes coupled with polarization-multiplexing can be regarded as the efficient approaches in the context of VOLUME 4, 2016 realistic cellular communications for interference mitigation to enhance the overall system performance and satisfy the ever-increasing capacity demands.
